A geographic information system model designed to identify regions at risk for West Nile virus (WNV) transmission was calibrated and tested with data collected in Santa Clara County, California. American Crows that died from WNV infection in 2005 provided spatial and temporal ground truth. When the model was run with parameters based on Culex tarsalis infected with the NY99 genotype of the virus, it underestimated WNV occurrence in Santa Clara Co. The parameters were calibrated to fit the field data by reducing the number of degree-days necessary to reach the mosquito's extrinsic incubation period from 109 to 76. The calibration raised model efficiency from 61% to 92% accuracy, and the model performed well the following year in Santa Clara Co.
Introduction

W
est Nile virus (WNV) was first reported in New York City in 1999 and rapidly spread across the continental United States (Enserink 2002) . WNV is an arbovirus (Flaviviridae, Flavivirus) that infects birds as primary vertebrate hosts (Hayes 1989) , but it also infects humans and other animals. WNV infections in humans cause asymptomatic to severe fever and can develop into fatal neurologic diseases such as encephalitis and meningitis; fatal encephalitis has also been documented in horses and many bird species (Marfin et al. 2001) . WNV has evolved in North America since the original introduction, and as of 2004 a new dominant genotype, WN02, has replaced the introduced genotype, NY99 (Davis et al. 2005 , Snappin et al. 2007 .
A previously designed geographic information system tool estimates the risk of WNV transmission based on a degreeday (DD) model (Zou et al. 2007 ). The tool works by assessing spatial and temporal temperature data to determine when and where the extrinsic incubation period (EIP) of the virus is completed within the duration of the mosquito vector's feeding period (the approximate time period between the first and last blood meals consumed by an individual mosquito). The model was originally tested in Wyoming with reasonable success against cases of WNV in humans, mosquitoes, and birds (Zou et al. 2007 ). However, humans are poor sentinels for local disease transmission, as they are often asymptomatic, tend to travel extensively, and the number of human cases is not necessarily proportional to the extent of enzootic transmission. In addition, the available data are at the county level, and as the counties in Wyoming are relatively large, it was not feasible to fine-tune model predictions to precise regions of interest. In the current study, virologic data from dead birds collected in Santa Clara County, California, allowed the model to be tested at a higher spatial resolution. The model uses daily temperatures to predict when and where WNV transmission is possible, thus providing a powerful tool to assist in preemptive mosquito control measures and providing proactive warnings to the public. However, the model does not take into account all elements necessary for virus transmission (e.g., the population and=or presence of vectors and hosts) and should not be the only tool used by vector control districts.
Materials and Methods
The study area is the northwestern portion of Santa Clara Co. (Fig. 1) , where the local vector control district collected and cataloged 160 and 277 WNV-positive birds in 2005 and 2006, respectively. Dead birds were reported by the public to the state hotline, and birds were subsequently tested for WNV using VecTestÔ (Microgenics, Fremont, CA). The model is designed to predict mosquito-to-bird or other animal transmission, not bird-to-bird transmission or other overwintering mechanisms. Therefore, eight dead birds collected from January to April were not included in the study. WNV is assumed to overwinter in Santa Clara Co. as in southern California (Reisen et al. 2006a) .
Model input includes daily temperature maxima and minima at 39 weather stations located throughout Santa Clara Co. (from the Weather Underground, http:==www. wunderground.com; and the National Weather Service, http:==www.nws.noaa.gov), vector median EIP (EIP 50 , DDs after which 50% of an exposed mosquito population are able to transmit the virus), a minimum temperature threshold (below which the virus is not viable within the vector), and the duration of the vector feeding period. Default input parameters are for the Culex tarsalis mosquito infected with the NY99 WNV genotype: minimum temperature threshold of 14.38C and EIP 50 of 109 DD (Reisen et al. 2006b ), and feeding period of 12 days (the sum of three 4-day gonotrophic cycles, after Reisen et al. 1993 ).
An inverse distance-weighted spatial interpolation of WNV risk was added to the original model to allow for risk assessment at all locations within the study area. Both mosquitoes and birds are mobile; thus, a bird did not necessarily contract WNV at the location where it died, nor did the mosquito that infected the bird necessarily acquire or transmit WNV at that same location. To validate the risk model, conservative estimates of mosquito and bird movements were developed to constrain the maximum allowable distance between the location of the dead bird and a zone of predicted WNV transmission. Maximum ''temporal distance'' is also considered, as the time between infection and death of the bird, and the time between death and collection must be taken into account. The location of each dead, infected bird is spatially and temporally compared to the model results to determine whether the bird's death was predicted by the model. Deliberate underestimation of bird and mosquito movements led to a more rigorous test of the model.
Spatial and temporal limits
The primary WNV vectors in Santa Clara Co. are Cx. tarsalis and the hybrid Culex pipiens=Culex quinquefasciatus. In 2005, 50% of positive pools in Santa Clara Co. were hybrid Cx. pipiens=Cx. quinquefasciatus and 50% were Cx. tarsalis. The hybrids were identified both by male genitalia (DV=D ratio) and by genome. Studies show various dispersal rates of Cx. tarsalis in California: approximately 3.2 km in all directions over the course of a single night and up to 24 km=night in the downwind direction (Bailey et al. 1965 ), 1.2-2.5 km over a period of 7-12 days (Reisen and Lothrop 1995) , 0.6-1.0 km= day (Reisen et al. 1991) , and 0.5 km=day (Dow et al. 1965) . Californian Cx. quinqufasciatus have an average dispersal rate of 0.85 km=day (Schreiber et al. 1988) . To test the model, the infected mosquitoes were assumed to travel no more than 2 km during the EIP after a WNV-positive blood meal, a likely underestimation of their true movements.
Multiple factors influence how far birds are able to travel from the location of infection before death. Interspecies variability is eliminated by limiting the model analysis to one 
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species, the American Crow (Corvus brachyrhynchos), the most prevalent dead bird reported by the public in Santa Clara Co. American Crows are particularly susceptible to WNV and have suffered drastic population reductions across North America (LaDeau et al. 2007 ). These birds have home ranges varying from 0.01 km 2 in highly urban environments to more than 35 km 2 in nonurban landscapes (Marzluff et al. 2001) , or even as large as 254-2124 km 2 in southern California (Reisen et al. 2006c ). The average minimum home range of crows in the Champaign-Urbana region of Illinois is 7.6 km 2 , with crows ''commuting'' between agricultural forage areas during the day and urban roosting areas at night (Yaremych et al. 2004) . The study area encompasses the most urban region of Santa Clara Co. and includes expansive suburban regions of the city of San Jose and savannah-type oak-grass scrubland. As this diverse assemblage of urban, suburban, and mixed vegetation bears some similarity to the Champaign-Urbana region, the maximum flight distance of a crow was set to 8 km; as with mosquitoes, this is a likely underestimation of a crow's actual movements.
In laboratory settings, American Crows die of WNV within 4-8 days postinfection (McLean et al. 2001 , Komar et al. 2003 , Brault et al. 2004 ). The movements of wild crows become notably impaired only 1-2 days before death (Yaremych et al. 2004) , implying that infected crows could travel the full extent of their home range before death. For analysis purposes, a temporal range of 4-10 days is selected (the extra 2 days allow for the time between the crow's death and collection).
By combining the ranges for mosquitoes and crows, a maximum allowable travel distance of 10 km is derived. This distance is measured from the site at which the dead crow is collected to the nearest predicted location of WNV transmission in the days leading up to the crow's death. If the dead crow is found within 10 km of a predicted risk location, and that location was at risk at some point during the 4-10 days before the crow was found, then the crow's death is considered to be successfully accounted for by the model. If the model predicts no transmission risk within a radius of 10 km around the dead crow during the 4-10 days before collection, then the crow's death is considered to be unaccounted for by the model.
Results
The initial model run with the default parameters shows a low number of predicted WNV transmission days, ranging from 45 days in the southern region of the study area to zero days in the north (Fig. 2) . The predicted transmission days coincide with the warmest part of the summer, from mid-July until the end of August. It is apparent that this model underestimates WNV transmission, as WNV-positive birds died in locations that were not concurrently near model-predicted transmission risk zones. This is clearly illustrated by the three dead crows collected in June (Fig. 3) , at the start of the WNV season. Although the region within 10 km of the dead crows shows a rise in temperature in early June (Fig. 4) , the rise is not enough to exceed the default EIP 50 of 109 DD.
The crows collected in June were found in the southeastern region of the study area, all within 3 km of each other, on June 15, 16, and 23. They were also within 3 km of one of the San Jose weather stations, the default parameter analysis of which is shown in Figure 4 . This graph shows two small increases in DD temperature in June, before the higher DD temperatures of July and August. The timing of the increases suggests that they might have allowed the early summer transmission of WNV in the southeastern portion of the study area, leading to the death of the three crows. This observation was used to calibrate the model by reducing the EIP 50 parameter until the June DD peaks are above the transmission threshold at 76 DD (Fig. 5) .
Interpolating DDs on a daily basis allows comparison of each positive dead crow with the model predictions by collection date and location. Figure 6 shows several dayinterpolations based on the 76 DD until the EIP 50 parameter. In early June, there were only small pockets of potential transmission, which occurred within 10 km of the dead crows collected that month. In late July, WNV transmission was predicted throughout the study area, and by late August there was enough cooling to begin to limit transmission. The model run with default parameters predicts 61% of the crow deaths within the time window of 4-10 days, whereas the model run with the tuned parameters predicts 92% of the deaths.
WNV-positive American Crows collected in 2006 were used to test the model calibration. As in 2005, a few positive birds were collected in late June, and then many more during the rest of summer. As transmission is widespread throughout Santa Clara Co. in July and August, the most effective test of the model calibration is whether it predicts the onset of the WNV transmission season. The model was run with 2006 temperature data (minus eight of the weather stations that were offline in 2006) and the calibrated parameters, and successfully predicted the two earliest crow deaths (Fig. 7) . Both crows were within 10 km and 10 days of an early June temperature increase that caused DD temperatures to rise slightly above the 76 DD threshold in the southwest region of the study area. Temperatures rose throughout the region after June 22 and 23, accounting for 94% of the crow deaths that occurred during the rest of summer and fall.
Discussion
The model calibration of WNV transmission in Santa Clara Co. demonstrates that transmission does not happen at the same rates or under the same temperature regimes at all locations within North America. Parameters that work to describe transmission in Wyoming in 2003 do not adequately describe transmission in California in 2005. Although the reason for this is beyond the scope of our study, some of the possibilities include a mosquito species other than Cx. tarsalis being the primary local vector, the change in WNV genotype, or that linear DD model is not appropriate.
Mosquitoes are an important variable in the model calibration. Generally, Cx. tarsalis is considered the primary WNV vector in the western states (Goddard et al. 2002) , Cx. pipiens is the dominant vector in the eastern states (Andreadis et al. 2004) , and Cx. quinquefasciatus and Culex nigripalpus have been implicated as vectors in the southern eastern states (Godsey et al. 2003 , Rutledge et al. 2003 . Recent studies in Louisiana implicate Culex salinarius and Aedes albopictus as potential bridge vectors of WNV (Mackay et al. 2008) . However, Cx. pipiens spp. can be common in the west, especially in urban areas such as Santa Clara Co. Cx. pipiens=Cx. quinquefasciatus might be the appropriate target vector for this study, but full transmission parameters are The risk is confined to a few ''hot spots'' in early June, covers almost the entire study area by late July, and has begun to lessen by late August. not currently available. Additionally, vector competence for WNV in Cx. pipiens has been shown to vary widely within California (Vaidyanathan and Scott 2007) , making Cx. tarsalis a logical starting point.
A recent study showed that the EIP of the WN02 genotype in Cx. tarsalis and Cx. pipiens is 2-4 days shorter than for the NY99 genotype (Moudy et al. 2007) . Unfortunately for the purposes of this study, the Moudy experiment does not determine the DDs necessary to reach one EIP. However, it does provide a possible explanation for the discrepancy between the experimentally derived parameters and the calibrated ones.
Another recent study shows that WNV transmission by Cx. pipiens has an exponential dependence on DD temperature (Kilpatrick et al. 2008) , implying that linear DD models underestimate the effects of temperature on transmission. Although this is a promising line of inquiry, when tested against the Santa Clara Co. data, this model also underpredicted local transmission. This model could also be calibrated in the same manner as the linear model.
A final explanation for the underestimation of WNV transmission by the Reisen et al. (2006b) parameters is the author's choice of EIP 50 . Fewer DDs are necessary to reach EIP 30 or EIP 10 , but transmission still occurs, especially if the mosquito population is relatively large. An examination of the Reisen et al. (2006b) experimental data shows that it would take approximately 80 DD to reach EIP 10 , a number close to the model-calibrated value of 76 DD.
The mosquito species and virus chosen as a starting point is not of primary importance to the functioning of the calibrated model. Successful calibration returns parameters that describe observed transmission patterns. If particular mosquito species and WNV strains are identified in a region, the calibration can then be reasonably extended to other areas with the same mosquito=virus combination. If the mosquito species and virus genotype are unknown or variable, the calibration can only reasonably be used in the same region. Care must be taken, as both the mosquito population and the virus genotype may vary with time.
This study demonstrates that in order to accurately predict the virus transmission within an area, local field data should be used to calibrate the model. Because the assessment relies on interpolation between weather stations, it is best performed in regions of relatively consistent elevation and climate, as the regions in between the stations must be similar enough to the stations themselves to justify the temperaturebased interpolation. Work currently in progress addresses interpolation over variable climate zones.
Using the highly susceptible American Crow as an indicator seems to be a successful means to assess WNV spatial and temporal transmission zones. Crows are abundant, almost always die after contracting WNV (McLean et al. 2001) , and many communities have collection programs to test dead birds for WNV. Using crows as sentinels of WNV transmission for model calibration is likely to be more successful in urban areas rather than rural, as crows have smaller home ranges in urban areas (Yaremych et al. 2004) and are more likely to be reported and collected. Bird deaths from WNV are more successful at predicting human WNV cases than other environmental factors including mosquito pools, sentinel chickens, and equine infection (Patnaik et al. 2007) .
There is some evidence that crows can transmit WNV laterally through contact or fecal contamination (Dawson et al. 2007) . Therefore, when using WNV-positive crows to calibrate the model, particular attention should be given to the early part of the WNV season when crows are more likely found in smaller family groups for nesting rather than in large communal roosts later in the summer (Caccamise et al. 1997) . In Santa Clara Co., June is the most effective month for model calibration. During most of July and August, temperatures are high enough to allow transmission across the study area, so these months are not effective for fine-tuning. Some of the bird deaths in September and October might have resulted from lateral virus transmission from other crows, rather than from mosquitoes. When the virus begins to establish in birds in the early part of the season, there are likely fewer chances for lateral transmission. The few positive American Crows found in cooler months (on January 3, April 29, and November 10, 2005) were assumed to be infected by lateral transmission or by virus using another overwintering mechanism (Reisen et al. 2006a ).
In the case of Santa Clara Co., only one of the input parameters (EIP 50 ) needed to be changed to adequately describe the field data. Calibration could also have been accomplished by changing the other input parameters (length of feeding period and=or minimum transmission threshold temperature), but there is no reason to suspect these parameters might vary significantly. The change in WNV genotype suggests a valid reason to reduce the DDs until EIP, as does an exponential temperature dependence, and as does the use of EIP 10 rather than EIP 50 . It is reasonable to choose 76 DD, as this is a low enough number to adequately describe the observations. However, a conservative city manager might want to choose a slightly lower number, in order to overestimate the likelihood of WNV transmission and ''play it safe'' when making temperature-based predictions for the present or the future. This is the primary design of the calibrated DD model: to be able to assess the spatial and temporal risk of WNV based on realtime temperature data. Risk can also be assessed by using historical temperature patterns as a proxy for future weather patterns.
